The phospholipidgemini surfactant systems are promising agents for construction of lipoplexes for DNA delivery systems in gene therapy. In this work the inuence of a gemini surfactant 1,1 ′ -(1,6-hexan)bis3-octyloxymethylimidazolium di-chloride) (IMI_Cl_C6_C8) on the structure and phase behaviour of aqueous suspensions of the fully hydrated phospholipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) were characterised using small angle scattering of synchrotron radiation (SAXS), dierential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR). The surfactant studied caused a destabilisation of the lamellar phase typical of DPPC. Addition of the surfactant also shifted to lower temperatures and extended the range of the main phase transition
Introduction
Recently, increasing demand for phospholipid/surfactant mixed systems has been observed. They are used in numerous areas of research and industrial applications. Of particular interest are their applications in cosmetics [1] , pharmaceuticals [24] or structural biology [5, 6] . Most of these systems are based on classical monomeric surfactants.
In the early 1980s a new group of surfactants made up of two amphiphilic moieties connected by a rigid or exible spacer group (at the level of the head groups or very close to the head groups) were synthesised [7] . This group of surfactants is commonly known as gemini surfactants [8] , but they also have been referred to as dimeric surfactants [9] , bis-quatenary ammonium surfactants [10] , dicationic detergents [11] as well as siamese surfactants (by analogy to Siamese twins) [12] . This new group of surfactants is characterised by three major benets in comparison to monomeric surfactants [7, 13] . The critical micellization concentration (cmc) is much lower than cmc characterising the homological monomeric surfactants (usually one to two orders of magnitude). The dimeric surfactants are much more eective in decreasing the surface tension of water than the corresponding monomeric surfactants [13, 14] . Moreover, the aqueous solutions of the gemini surfactants with short spacers at relatively low surfactant concentrations show much higher viscosity than the solutions of the corresponding monomeric surfactants [13, 14] .
Symmetric dicationic (msm) surfactants with a short spacer group exhibit also signicantly higher antimicrobial activity (even 100 times higher) than the monomeric surfactants commonly used as germicides (dodecylbenzyldimethylammonium bromide or 2-ethoxycarbonylpentadecyltri-methylammonium bromide) [15, 16] . This group of surfactants has also promising applications in preparation of cosmetics, emulsiers, personal care products etc. Therefore, understanding the inuence of the gemini surfactants on the structure of typical structural phases of phospholipids is very important for applications (cosmetics, drug delivery systems, vaccines) [1719] as well as for basic research (for example structural biology) [20] .
Dipalmitoylphosphatidylcholine (DPPC) is a phospholipid and also a major component of cell membranes as well as is often used as a model system in the studies of behaviour of lipid bilayers. Dicationic (gemini) surfactants can strongly interact with phospholipids and induce changes in the structure of phospholipid phases.
The aim of this work was to analyse the inuence of a gemini surfactant, 1,1 ′ -(1,6-hexan)bis 3-octyloxymethylimidazolium di-chloride, (IMI_Cl_C6_C8) on the structure and phase behaviour of aqueous suspensions of the fully hydrated 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC). In this work the interactions of a gemini surfactant with DPPC were characterised using small angle X-ray scattering (SAXS), dierential scanning calorimetry (DSC) and Fourier transform infrared spectroscopy (FTIR).
Experimental

Sample preparation
The dicationic surfactant IMI_Cl_C6_C8 (see Fig. 1a ) was prepared as described in [21] The phospholipid sample 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from Avanti Polar Lipids (USA) (Fig. 1b) ′ -(1,6-hexan)bis3-octyloxymethylimidazolium di-chloride were prepared by the 10 cycles of sonication at 320 K for 30 min and cooling at 278 K [22] . 
SAXS studies
The X-ray scattering data were collected at the MAXII storage ring of the MAX-Lab (Lund, Sweden) on the Beam Line I911-4 [23] using the synchrotron radiation (λ = 0.091 nm) and the MarCCD 165 mm detector. The phospholipidsurfactant samples (0.1 cm 3 ) were placed in a thermostated capillary sample holder. The data were collected at temperatures ranging from 278 to 318 K. The scattering pattern for the buer solution (background scattering) was collected before and after data collection for lipid samples. The scattering vector (s-axis) was calibrated using silver behenate [24] . The sample-to-detector distance was 1.9 m, which leads to the scattering vector range 0.05 < s < 4.81 nm −1 (where s = 4π sin θ/λ, 2θ is the scattering angle and λ is the synchrotron radiation wavelength). Only SAXS data for reference DPPC system were collected within narrower s range (0.05 < s < 3.4 nm −1 ). For all data sets the standard procedures of normalization, correction for incident beam intensity, correction for detector response and integration of images were applied. These procedures were performed by the use of SAXS data reduction software Bli711 [23] . The scattering data of the buer was subtracted from SAXS data of the sample using the program package PRIMUS [25] and the positions of the diraction picks on the SAXS curves were tted using the program PEAK [25] .
FTIR measurements
The infrared absorption spectra were collected using CONFOCHECK system. This system is based on FTIR Bruker spectrometer TENSOR 27 equipped in the AquaSpec micro transmission cell. The samples of about 10 µl were placed in a ow-through cuvette with a path length of approximately 7 µm. and incubated for 90 seconds at a given temperature before starting the experiment. The FTIR data were collected in the temperature range from 277 to 329 K using HAAKE DL30 thermostat. For each spectrum 128 scans in the spectral range 4000950 cm −1 were collected with the resolution of 2 cm −1 . The original FTIR spectra were smoothed using the SavitzkyGolay method. The smoothing procedure was taken over 5 data points.
Dierential scanning calorimetry (DSC)
The calorimetric measurements were carried out using Netzsch Phoenix DSC-204 system equipped with an m-sensor. The liquid samples of average mass 25 mg ±5% were hermetically enclosed in aluminium crucibles. The samples were initially isothermally incubated for 10 minutes at T = 273 K. For each sample two successive dynamic scans from 273 K to 353 K were collected in the helium atmosphere with the scan rate of 1 K/min. The DSC data were analysed by a computer program TA (Netzsch). The phase transition enthalpy was calculated using the linear or tangentsigmoidal base line. For complex curves the peak-separation procedure using the FraserSuzuki prole was applied.
Results and discussion
Fully hydrated DPPC was found to undergo three phase transitions typical of phospatidyl choline derivateves: subtransition (crystalline gel to lamellar gel, L c ′ →L β ′ , at 291 K), pretransition (lamellar gel to rippled gel, L β ′ →P β ′ , at 307 K) and main transition (lamellar rippled gel to lamellar liquidcrystalline, P β ′ → L α at 314.5 K) [26] .
The scattering data collected for the reference system of pure 10% DPPC are presented in Fig. 2 . On the basis of SAXS data the d-spacing values were calculated and are summarized in Fig. 3 . The structural phases characteristic of DPPC were observed. In this system the crystalline gel phase was observed with a bilayer dspacing: d 001 = 6.3 nm, d 002 = 3.15 nm, d 003 = 2.1 nm (at 278 K). Above the temperature of 308 K the bilayer thickness increased rapidly. At 313 K, L α phase was characterized by d-spacing 7.11 and 3.67 nm. These values are in good agreement with the previously reported ones [2628] . The SAXS data collected for dierent surfactant concentrations in the systems are presented in Figs. 4 8 The increasing surfactant concentration in the mixed lipid/surfactant system resulted in gradual weakening followed by total disappearance of the strong diraction maxima (see d-spacing changes in Fig. 3) . Such an effect was observed also for other monomeric and gemini surfactants [21, 29, 30] . Fig. 2 . SAXS data for the references system 10% DPPC in D2O (temperature range 278318 K). The data were shifted for clarity. Fig. 3 . The values of d001 versus temperature for all systems studied.
For the lowest concentrations of the surfactant (200:1 and 100:1) the bilayer spacing after the main transition increased up to 7.2 nm (see schematic representation of mixed L α phase in Fig. 1c ). Further addition of the surfactant to the system resulted in the disappearance of the diraction peak (Figs. 6, 7) . In the systems with the highest concentrations of the surfactant (10:1 and 5:1) the diraction peaks almost completely disappear and very broad maxima are observed in the s-vector range from 0.5 to 2.5 nm −1 . Very wide maxima may suggest the presence of phases without bilayers stacking (probably formation of the bicellar phase) [3133] . Unfortunately the system was not monodisperse and the calculation of the pair distance distribution function p(r) and D max characterizing bicelles was impossible.
The reference sample fully hydrated DPPC and DPPC/surfactant systems were also analyzed by FTIR. The analysis focused in particular on the band in the range from 2800 to 3000 cm −1 . This part of the infrared spectrum is assigned to the vibrations of the polymethylene chain (for example see Fig. 9 ) and provides detail information on the conformation of alkyl chains of DPPC.
Gauche conformers of polymethylene chains ((CH 2 ) n ) of Fig. 6 . SAXS data for the system DPPC/IMI_ C6_C8Cl 20:1 (temperature range 278318 K). The data were shifted for clarity. Fig. 7 . SAXS data for the system DPPC/IMI_ C6_C8Cl 10:1 (temperature range 278318 K). The data were shifted for clarity. phospholipid absorb infrared radiation at higher frequencies than those containing all-trans conformers [34] .
The temperature-dependent changes in the wave numbers characterizing the CH 2 symmetric and anti-symmetric stretching vibrations for DPPC and DPPC/surfactant systems are presented in Figs. 10 and 11. The temperature of the main phase transition, which is connected with full trans/gauche reorientation was estimated on the basis of CH 2 symmetric and anti-symmetric stretching vibration in pure DPPC and was exactly the same (315 K). The increasing surfactant concentration in the systems studied caused a decrease in the temperature of the main transition. It was caused by surfactant building up in the DPPC bilayers which induced some local structural disorder and made space for trans gauche izomerization. Addition of the surfactant also extended the range of the main phase transition and The SAXS and FTIR studies were supported by DSC results. It is well documented that phase transitions observed in DPPC systems can be visualized by dierential scanning calorimetry [38, 39] . DSC thermograms obtained for the reference DPPC and DPPC/surfactant systems are shown in Fig. 12 . The parameters characterizing phase transitions in the systems studied are summarized in Table. In the reference DPPC system, the main transition was characterized by T onset = 314.9 K with enthalpy of ∆H = 8.6 kcal/mol The addition of the surfactant decreased the temperature characterizing the main transition (up to T onset = 305.5 K for DPPC/surfactant system 5:1) and changed the transition enthalpy (up to 4.6 kcal/mol for DPPC/surfactant system 10:1). Such phenomena were also observed for other lipid/surfactant systems [40, 41] . 
Conclusions
The surfactant studied caused a destabilisation of the lamellar phase typical of DPPC. For the highest surfactant concentrations the scattering patterns observed for DPPC/gemini surfactant systems are very similar to the SAXS patterns reported for the classical bicellar DPPC/DHPC systems.
This eect is also observed by DSC as a broadening of the temperature range of the main phase transition and a decrease in the phase transition enthalpy. FTIR results show decreasing temperature of the phase transition and changes in the wavenumber characteristics of the vibrations of ν as CH 2 and ν s CH 2 groups.
